causes of Crohn's disease, ulcerative colitis, Wegener's granulomatosis, rheumatoid arthritis, tropical sprue, systemic lupus erythematosus, Kawasaki's disease, and other chronic diseases remain unknown despite disease features that are suggestive of infectious etiology.
Search Methods
Relying on an infectious agent to "perform" in the laboratory for the purposes of detection and identification poses a number of potential pitfalls. Identification of infectious agents by phenotypic traits is insensitive, because we are largely ignorant of the environmental conditions required by some microorganisms for growth and, hence, are unable to replicate them in the laboratory. Phenotypic traits are also difficult to quantitate, and they can be misleading. In contrast, genotypic traits generally provide reliable and quantifiable information for the identification and characterization of infectious agents. Moreover, genotypic traits such as genomic sequence can be analyzed directly in clinical specimens, without purification or isolation of the agent. Among the proven genotypic approaches for detecting and identifying previously unrecognized pathogens are broad-range polymerase chain reaction (PCR), representational difference analysis (RDA), and expression library screening (2, 3). With broad-range PCR, one amplifies genetic loci whose sequences provide reliable phylogenetic information about an infectious agent, using priming sites that are conserved among broad groups of agents. One of the most useful loci is the gene that encodes the small subunit ribosomal RNA. An extensive microbial ribosomal DNA (rDNA) sequence database enhances the usefulness of this marker for diagnostic discrimination and resolution. For example, previously unrecognized members of the bacterial domain can be identified with primers that recognize all bacterial small subunit rDNAs and amplify specific sequences (4-6); families of viruses can be explored with the broad-range PCR approach, using primers that are complimentary to genomic sequences conserved among all family members (7). The approach is also amenable to highthroughput methods. However, the advantages of broad-range PCR are partially offset by the problem of microbial DNA contamination. Bacterial rDNA can be detected in clinical specimens from sterile sites of healthy individuals (for example, blood samples). Possible explanations include PCR reagent contamination, contamination of the specimen during collection, and the presence of bacteria or their DNA within sterile sites despite the absence of apparent disease. Few investigations have addressed this third, but most intriguing, possibility.
Other genotypic pathogen discovery approaches complement the advantages and disadvantages of broad-range PCR. RDA relies on subtractive hybridization to isolate rare genomic fragments (from an exogenous infectious agent) found in one (infected) specimen but not in an otherwise matched (uninfected) specimen. With a subsequent PCR step, these rare fragments are enriched. With RDA, one addresses the problem of specimen contamination and endogenous microbial sequences by using a matched specimen to reduce the presence of sequences that are common to the two specimens; however, unique genomic fragments from the infected specimen are enriched in a nonselective manner. These fragments may not provide specific information about the putative pathogen; that is, not all genome sequences provide a useful view of phylogenetic history. With expression libraiy screening, pathogen-derived genomic fragments are identified from infected sites using host antisera, but only if the fragments encode antigenic products. Disease accompanied by autoreactive antibodies might pose additional problems. Some of the pathogens revealed with these approaches are listed in Table 1 This article is a U.S. government work, and is not subject to copyright in the United States.
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IMMUNITY, AND DISEASE ropathy, by eliciting cross-reactive antibodies to ganglioside that damage peripheral nerves weeks to months after intestinal infection (8).
In all of these instances, nucleic acid from the pathogen would not be expected at sites of pathology or in the bloodstream. Of course, detection of nucleic acid does not indicate viability of the putative agent. To meet some of these challenges, one might turn instead to the host as a source of infection-specific genotypic information. In collaboration with Patrick Brown at Stanford University and Lou Staudt at the National Cancer Institute, we are collecting and analyzing human gene expression responses to a wide variety of infectious agents and other noxious stimuli using microarrays containing complementary DNA (cDNA) for >15,000 human genes. cDNA microarrays measure steady-state messenger RNA (mRNA) abundance in a miniaturized, massively parallel hybridization format. Comparisons of mRNA levels in multiple samples are accomplished with differential fluorescence labeling (9). Our hypothesis is that microbial pathogens induce stereotypic mRNA response profiles that can be used to distinguish among different infectious agents or different pathogenetic mechanisms (2, 10). The complex repertoire of potential human gene transcriptional responses provides a far greater degree of specificity than do the traditional markers of acute inflammation, such as cytokines and acutephase proteins like C-reactive protein (11) . The goal with this approach is to recognize diagnostic signatures in clinical specimens from unexplained illness that would reveal the etiologic agent and the time of initial host exposure. With this approach, infectious diseases might be classified in a radically different manner, on the basis of how a particular host "sees" an integrated collection of virulence mechanisms.
Where to Look? A wide range of acute and chronic diseases and syndromes warrants broad cultivationindependent searches for microbial pathogens. In short, there is a substantial amount of unexplained illness that resembles infectious disease. A number of chronic inflammatory syndromes also bear the hallmarks of microbial disease (some listed above) and are only now, belatedly, the subjects of broad-range molecular pathogen identification methods (13). Crohn's disease, for example, involves the entire intestinal wall in a relapsing-remitting, acute and chronic granulomatous inflammatory process (14) . However, any effort to find a microbial etiologic agent for Crohn's disease must address the issues of when and where it might be found in the course of this disease and how to deal with the complex, dense host-specific background of microorganisms within the intestines. Laser-capture microdissection (15) could complement all of the molecular approaches described above by focusing the search on suspect areas or cells within a tissue section and assisting with the selection of a more closely matched control sample (Fig. 1) .
The commensal microflora has been viewed as a source of specimen contamination and occasional opportunistic pathogens, but it may play a more important role in health and disease than was once thought. The intestinal commensal flora is associated with the pathogenesis of inflammatory bowel disease such as Crohn's disease, with nontropical sprue, and other disorders; it is also thought to play an essential role in intestinal epithelial differentiation. The endogenous flora of the mouth is associated with gingivitis, periodontitis, and systemic infections such as endocarditis. Yet, we are largely ignorant of the composition of and the temporal and spatial dynamics within these microbial communities (16, 17) . This ignorance results in part from an excessive reliance on microbial cultivation. A substantial proportion of hu- Ecological concepts such as population heterogeneity and density may be critical in the transition from health to disease (for example, from plaque-associated gingivitis to adult-onset periodontitis). We will need new types of clinical measurements that reflect ecosystem health and stability (19). Our understanding of endogenous microflora may also require reassessment. For example, unsuspected endosymbiotic rickettsia-like Wolbachia species have been discovered in nematodes and have been found to play a role in host development (20) . As we explore the details of the human genome and apply sensitive pathogen detection methods to human specimens, we should keep in mind the possible clinical relevance of cryptic and not-socryptic human endogenous retroviruses (21).
Microbes and Causation
The application of new pathogen discovery methods is certain to alter our perspective on microbial disease causation. For example, improvements in microbial detection and discrimination may generate data that challenge the traditional association of one microorganism with one diseased host. We currently accept the concept of polymicrobial disease causation in the setting of abscess formation; however, the same concept may apply to other types of disease, including rheumatic or "autoimmune" disease, and malignancy (17). Interaction and dependency between community members are essential features of microbial communities and biofilms (18) . When a group of microbes creates the conditions necessary for their collective success in a human niche or for the success of a newcomer, unanticipated consequences might include disruption of local epithelial cells, induction of a persistent virus, or perturbation of the local innate immune system (22) and, ultimately, disease. Gingivitis, inflammatory bowel disease, and intestinal sprue may constitute disorders of the local endogenous microflora that result in impaired mucosal integrity and function. In these situations, the linkage between microbe and disease is not linear and unidirectional. Genotype-based approaches that are quantitative, sensitive, and high throughput are needed.
Other nontraditional concepts of microbial disease causation pose challenges for pathogen discovery methods. Molecular mimicry is a phenomenon involving the induction of self-directed immunity by microbial epitopes (which resemble host epitopes); this phenomenon may explain the role of streptococci in rheumatic heart disease, chlamydia in coronary atherosclerosis (23), and C. jejuni with Guillain-Barre syndrome. The difficulty in detecting these pathogens at the site of pathology has been mentioned. As part of alternative strategies, one would like to use the host's immune responses to identify the antigenic stimulus. In addition to inducing self-immunity or immunity against the commensal flora, microbes are capable of inducing persistent changes in the local cytokine environment and in helper T cell expression profiles (24) . These changes may protect the pathogen but may also result in damage to the host. Persistence of the microbial cell wall alone may be sufficient for these effects. Some of these mechanisms may play a role in the etiology of Crohn's disease, in which most or all of the causative agent has largely disappeared by the time the diagnostic features of the disease are recognized. In the absence of an ability to predict where the agent might be found at earlier time points, one must hope either for persistence of diagnostic microbial remnants such as sequence (Fig. 1) or specific host-derived signatures such as mRNA expression profiles.
Proof of disease causation is a daunting goal when the putative etiologic factor cannot be isolated or purified and an appropriate disease model is not available. A world without the possibility of satisfying Koch's third postulate demands equivalent rigor in the attribution of causation. (The third postulate stipulates that disease be induced in a suitable host by inoculation with the isolated putative agent.) Most associations between microbe and disease are noncausal. Multiple corroborating forms of circumstantial evidence must be sought with complementary alternative approaches (25); plausibility can be addressed by investigating the molecular and cellular basis of pathology (26) . All of these challenges emphasize the need for well-controlled epidemiology, careful clinical and histologic observations, and increased attention to specimen collection and processing. One obvious payoff from the development and application of pathogen discovery approaches over the past 10 years has been the discovery of previously unrecognized disease-associated agents. An equally important and less obvious payoff will be the reassessment of our relations with infectious agents and the way we view microbial disease causation.
